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A B S T R A C T
The Medieval Climate Anomaly (MCA) is a recognized period of distinct pre-industrial climate change, with a
core period of 1000–1200 CE. The ﬁeld of palaeoclimatology has made major progress over the past 15 years
during which a great number of high- and medium-resolution case studies were published, reconstructing cli-
mate change of the past millennia. In many parts of the world, regional data coverage has now reached a point
which allows compiling palaeoclimate maps for well-deﬁned time intervals. Here we present hydroclimatic trend
maps for the MCA in Africa based on 99 published study locations. Key hydroclimatic proxy curves are visualized
and compared in a series of 16 correlation panels. Proxy types are described and possible issues discussed. Based
on the combined MCA dataset, temporal and spatial trends are interpreted and mapped out. Three areas have
been identiﬁed in Africa in which rainfall seems to have increased during the MCA, namely Tunisia, western
Sahel and the majority of southern Africa. At the same time, a reduction in precipitation occurred in the rest of
Africa, comprising of NW and NE Africa, West Africa, Eastern Africa and the Winter Rainfall Zone of South
Africa. MCA hydroclimate change in Africa appears to have been associated with characteristic phases of ocean
cycles, as also supported by modern climate observations. Aridity in Morocco typically coincides with the po-
sitive phase of the North Atlantic Oscillation (NAO), whilst increased rainfall in the western Sahel is often
coupled to the positive phase of the Atlantic Multidecadal Oscillation (AMO). Reduction in rainfall in the region
Gulf of Aden/southern Red Sea to Eastern Africa could be linked to a negative Indian Ocean Dipole (IOD) or a
derived long-term equivalent Indian Ocean cycle parameter. The Intertropical Convergence Zone (ITCZ) appears
to have been shifted pole-wards during the MCA, for both the January and July positions. MCA hydroclimate
mapping revealed major data gaps in the Sahara, South Sudan, Somalia, Central African Republic, Democratic
Republic of Congo, Angola, northern Mozambique, Zambia and Zimbabwe. Special eﬀorts are needed to ﬁll these
gaps, e.g. through a dedicated structured research program in which new multiproxy datasets are created, based
on the learnings from previous African MCA studies.
1. Introduction
Large parts of Africa depend on seasonal rainfall which supplies
drinking water and forms the basis for agriculture and food production.
Observational precipitation data collected over the past 100 years in-
dicates that African rainfall shows signiﬁcant variability on year-to-year
to decadal time-scales. For example, after rather dry years in the 1980s
and 1990s, the Maghreb has now returned to wetter conditions
(Nouaceur and Murarescu, 2016). West Africa and the Sahel experi-
enced severe drought during the 1970s and 1980s with a regime shift
towards increased rainfall around 1992 (Badou et al., 2017; Park et al.,
2016). Precipitation in South Africa is particularly inﬂuenced by multi-
year variations without any detectable major regionally aggregated
trends in total rainfall (MacKellar et al., 2014). Droughts have been
steadily increasing in the Greater Horn of Africa over the past three
decades (Rowell et al., 2015), whilst the general development in
equatorial eastern Africa is complex, yielding diﬀerences in trends for
the short and long rainfall seasons (Gitau et al., 2017). In many cases,
climate models are unfortunately not yet able to robustly capture the
observed trends (e.g. MacKellar et al., 2014; Masih et al., 2014;
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Nouaceur and Murarescu, 2016; Rowell et al., 2015). Only recently has
it become clear that a signiﬁcant part of the African rainfall variability
is associated with multi-decadal large-scale climate modes of the global
oceans (e.g. Masih et al., 2014; Nash et al., 2016; Taye and Willems,
2012; Tierney et al., 2013; Verdon-Kidd and Kiem, 2014). Full in-
tegration of such ocean cycles into the models is likely to improve the
model skill with regards to multi-decadal regional precipitation trends
in Africa.
A second key challenge for hydroclimate simulations is the correct
reproduction of centennial-scale trends in African rainfall. African pa-
laeoclimate reconstructions have identiﬁed major hydroclimatic trends
over the past 2000 years which form important calibration data sets for
model hindcast tests (e.g. Chase et al., 2013; Maley and Vernet, 2015;
Nash et al., 2016; Stager et al., 2012b; Tierney et al., 2015). Modern
African climate variability is a mixture of anthropogenic and natural
drivers. A robust understanding of pre-industrial hydroclimate change
and possible forcings is needed to be able to distinguish between nat-
ural and anthropogenic contributions in modern African rainfall.
Here we are presenting an analysis of centennial-scale hydrocli-
matic change in Africa for the Medieval Climate Anomaly (MCA), a
recognized phase of natural pre-industrial climate change associated
with marked temperature and hydroclimatic variability in many parts
of the world. The anomaly was ﬁrst described by Lamb (1965) as ‘Early
Medieval Warm Epoch’, which subsequently changed in the literature
to ‘Medieval Warm Period’ (MWP). It is generally agreed today that the
core period of the MCA comprises ca. 1000–1200 CE, even though
diﬀerent time schemes and durations have historically been used in the
literature (e.g. Crowley and Lowery, 2000; Esper and Frank, 2009;
Mann et al., 2009). The few existing land temperature reconstructions
from Africa with adequate resolution in the last 2000 years suggest a
generally warm MCA, but do not allow comprehensive assessment of
the continent's temperature variability during this period (Lüning et al.,
2017; Nash et al., 2016; PAGES 2k Consortium, 2013).
In contrast, hydroclimate reconstructions covering the MCA in
Africa are more widely available which enabled the PAGES2k Africa
group to compile an invaluable hydroclimate synthesis for the past
2000 years based on selected high-resolution datasets (Nash et al.,
2016). The group identiﬁed several major hydroclimatic trends across
the MCA which they reported as general observations in the text, but
not in map form. A trend towards increased rainfall is reported for the
Sahel, Namibia and the majority of South Africa, whilst drier-than-usual
conditions are described for the MCA in the area immediately south of
the Sahel, Eastern Africa and the Winter Rainfall Zone of South Africa.
No trend information was available for North Africa, Angola, Congo
Kinshasa and Madagascar. The group proposed ocean cycles such as
Atlantic multi-decadal variability, Indian Ocean Dipole and El Niño–-
Southern Oscillation (ENSO) as main drivers of the pre-industrial hy-
droclimatic change in Africa.
Here we are building on the results of Nash et al. (2016) as well as
other predecessor papers (e.g. Holmgren and Öberg, 2006; Verschuren,
2004) and aim to take the analysis one step further by mapping the
MCA hydroclimate trends in detail across the continent. We are enlar-
ging the dataset by adding case studies that were only recently pub-
lished and post-date the cut-oﬀ date of Nash et al. (2016), or which
were excluded by the PAGES2k group due to lower resolution nature,
yet may oﬀer useful qualitative insight into the African MCA hydro-
climate. Based on the enlarged portfolio of case studies, we add the
MCA hydroclimate of North Africa, the eastern Sahel and Madagascar
into the African-wide picture and attempt to delineate likely borders of
the regions sharing similar trends in MCA hydroclimate. Hydroclimatic
change in Africa during the MCA followed characteristic regional pat-
terns whereby knowledge of the distributional trends will ultimately
help to better understand the respective driving mechanisms behind the
change.
The objective of this paper is to provide a qualitative description of
regional variability, leaving a fully quantitative analysis for later, once
crucial data gaps have been ﬁlled. Hydroclimate is intensely linked to
climate change. Rain belts are prone to shift and monsoons can in-
tensify or weaken. The analysis of MCA temperature trends in Africa is
not part of this study and was documented in a separate contribution
(Lüning et al., 2017).
2. Modern hydroclimate elements of Africa
According to the Köppen-Geiger climate classiﬁcation (e.g. Köppen,
1918), Africa can be grouped into several sub-tropical to tropical cli-
mate zones. These include for example the Mediterranean climate of the
northern Maghreb, the warm desert climate of the Sahara and Namib
deserts, the warm semi-arid climate of the Sahel, the tropical savannah
climate of the equator region, the humid subtropical climate of Angola
and Zambia, the warm semi-arid climate of Namibia and Zimbabwe, as
well as the cold semi-arid and desert climates of South Africa.
African monsoon rains are generally controlled by the seasonal shift
of the Intertropical Convergence Zone (ITCZ) where the northeast and
southeast trade winds converge, triggering the rise of moisture-laden
air which then results in heavy precipitation. The general mechanism
brings rain to the Sahel Zone in northern hemisphere summer and to
southern Africa in southern hemisphere summer. Nevertheless, the
processes are more complex when looked at in detail. In part of the area
the rainy season appears to be controlled by migrating mesoscale fea-
tures associated with jet streams such as the African Easterly Jet and the
Turkana Jet (Nash et al., 2016; Nicholson, 2016). In some areas bi-
modal rainfall occurs, i.e. two rainy seasons. Following the Hadley cell
circulation, dry air descends over the arid subtropics, namely the Sa-
hara Desert in the north and the Namib Desert in the south. Case studies
suggest that climatic temperature changes inﬂuence both the location
and width of the ITCZ (Byrne and Schneider, 2016; Sachs et al., 2009;
Schneider et al., 2014). Most of South Africa receives summer rain,
whilst only the Western Cape area lies in the winter rainfall zone.
Other important hydroclimatic elements are the African Easterly Jet
in the western Sahel Zone, the West Africa rainfall dipole, the Congo Air
Boundary (CAB), South Atlantic Anticyclone (SAA), South Indian Ocean
Anticyclone (SIA) and the South African Winter and Summer Rainfall
Zones (WRZ, SRZ). The location and signiﬁcance for the MCA hydro-
climate will be elaborated in detail in the Discussion part of this paper.
More detailed descriptions of African modern hydroclimate elements
can be found in Nicholson (2000) and Nash et al. (2016).
3. Material and methods
3.1. Literature review
The mapping project is based on an intense iterative literature
screening process during which a large number of published African
palaeohydroclimate case studies were evaluated towards their temporal
coverage, types of climate information and data resolution. Suitable
papers including the MCA core period 1000–1200 CE were earmarked
for a thorough analysis. A total of 99 African localities with one or more
MCA palaeoclimate proxy curves were identiﬁed (Fig. 1, Table 1).
3.2. Palaeoclimate archives and data types
MCA climate reconstructions of the high-graded publications com-
prised of a wide spectrum of natural archives, namely (1) sediment
cores from oﬀshore marine, lakes, swamps, peatlands, lagoons and
sebkhas, (2) ice cores from ice caps (e.g. Kilimanjaro), (3) cave spe-
leothems, (4) tree rings, (5) fossilized rock hyrax middens, (6) historical
river gauge records (e.g. Nilometer), (7) archaeology and (8) age dating
of ﬂuvial deposits and geomorphological features. Data types include
(a) palaeontology (pollen, diatoms, ostracods, planktonic and benthic
foraminifera), (b) inorganic and organic geochemistry (carbon, oxygen,
nitrogen and deuterium isotopes; elemental sediment composition; salt
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mineralogy; total organic carbon), (c) geophysics (magnetic suscept-
ibility, optically stimulated luminescence, radio‑carbon 14C age dating),
(d) sedimentology (facies analysis, sediment petrography, grey levels),
and (e) geomorphology.
3.3. Data processing and visualisation
3.3.1. Qualitative
Key information of the identiﬁed publications were captured on a
georeferenced online map which is freely available to all interested
members of the palaeoclimate science community for research and re-
ference purposes (http://t1p.de/mwp). The MCA hydroclimate was
visually assessed and compared to the phases preceding and following
the anomaly. The MCA conditions were colour-coded with green dots
marking a trend towards wetter conditions whilst yellow dots represent
drier conditions. The colour-coding provides much-needed initial or-
ientation in the complex global MCA climate puzzle.
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58       Wonderwerk Cave
59       Blydevontein Bas.
60       Mafadi Wetland
61 Mahwaqa Mts.
2       6 Braamhoek
3       6 Lake Sibaya
4       6 Mfabeni peatland
5       6 Lake Eteza
6       6 Versailles
7       6 Graskop
68       Cold Air Cave
69       Kubu „Island“
70       Mapungubwe
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Fig. 1. Location of studied MCA hydroclimate sites (numbered) and correlation panels (red lines, with respective ﬁgure number in Data Supplement). Selected sites shown in correlation
panels in Figs. 2 and 3 are marked in red in text boxes. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Table 1
Hydroclimate study sites of the Medieval Climate Anomaly in Africa. For locations see map in Fig. 1.
Country Locality No. Archive Proxies Studies
Morocco High & Middle Atlas and Rif 1 Trees Tree rings Esper et al. (2007), updated by Wassenburg
et al. (2013)
Morocco Grotte de Piste 2 Cave stalagmite Mg & Sr in stalagmites Wassenburg et al. (2013)
Morocco Lake Ifrah 3 Lake core Grain size, petrography, magnetic
susceptibility
Damnati et al. (2016)
Morocco Lake Sidi Ali 4 Lake core Diatoms Lamb et al. (1999)
Morocco Lake Tigalmamine 5 Lake core Pollen Cheddadi et al. (1998)
Morocco GeoB 6008-1 & 2 6 Marine core Dust in oﬀshore core McGregor et al. (2009)
Senegal GeoB 9504 7 Marine core Fe/Ca & Al/Ca in oﬀshore core Nizou et al. (2010, 2011)
Senegal GeoB 9505 8 Marine core Fe/Ca in oﬀshore core Nizou et al. (2010)
Senegal Mboro bog 9 Peat core δ13C, dull quartz Fall et al. (2010)
Senegal Saloum Estuary 10 Marine core Sedimentology Ausseil-Badie et al. (1991)
Mauritania SW Mauritania 11 History History, archaeology Maley and Vernet (2013)
Mauritania SE Mauritania 12 History History, archaeology Maley and Vernet (2013)
Mali Inland Niger Delta 13 Fluvial sediments Fluvial age dating Maley and Vernet (2015)
Mali Valée du Yamé 14 History History, archaeology Maley and Vernet (2013), Lespez et al.
(2011)
Mali Sand dunes central Mali 15 Aeolian sediments Aeolian deposits age dating Stokes et al. (2004)
Nigeria Bal Lake 16 Lake core Sr/Ca, ostracods, palynology Holmes et al. (1999)
Nigeria Kajemarum Oasis 17 Lake core Sr/Ca, δ18O, aeolian dust Street-Perrott et al. (2000)
Nigeria Jikariya Oasis 18 Lake core Aeolian dust Cockerton et al. (2014)
Chad Lake Chad 19 Lake and ﬂuvial sediments Shoreline age dating, sediment proﬁles,
pollen analyses, historical data
Maley and Vernet (2013, 2015)
Algeria Tassili 20 Trees Tree rings Cremaschi et al. (2006)
Chad Bodéle Depression 21 Lake and ﬂuvial sediments OSL & 14C sediment age dating Armitage et al. (2015)
Chad Lake Yoa 22 Lake core Pollen Lézine et al. (2011)
Sudan Merga Lake 23 Lake core Pollen Haynes et al. (1979)
Sudan Khor Abu Habl Fan, White
Nile
24 Lake and ﬂuvial sediments Age-dating of high-energy deposits and
shells
Williams et al. (2010)
Algeria Djebel El-Ghorra 25 Peat core Pollen Mustapha and Mohamed (2015)
Tunisia Medjerda ﬂoodplain 26 Fluvial sediments Fluvial 14C age dating Zielhofer et al. (2008)
Italy Gorgo Basso Lake 27 Lake core Ostracods Curry et al. (2016)
Italy Lago di Venere, Pantelleria
Island
28 Lake core Sediment petrography, pollen Calò et al. (2013)
Tunisia Sebkha Mhabeul 29 Lake core Grey scale, sediment petrography Marquer et al. (2008)
Tunisia Sebkha Boujmel 30 Lake core Pollen, sediment petrography Jaouadi et al. (2016)
Libya Cyrenaica 31 Cave sediments Pollen, evaporites Hunt et al. (2011)
Egypt MD04-2726 32 Marine core Si/Al Revel et al. (2015)
Egypt Maryut Lagoon 33 Lagoon core Sedimentology Flaux et al. (2012)
Egypt Nilometer 34 Historical measurements Nile gauge records Hassan (2007), Kondrashov et al. (2005)
Egypt Lake Qarun 35 Lake core Lithology, diatoms, δ18O, δ13C in mollusc
shells
Baioumy et al. (2010), Hassan et al. (2012)
Egypt Nile catchment 36 Fluvial sediments Fluvial OSL & 14C age dating Macklin et al. (2015)
Ghana Lake Bosumtwi 37 Lake core δ18O, dust Shanahan et al. (2009), Mulitza et al. (2010)
Cameroon Bambili Crater Lake 38 Lake core Pollen Izumi and Lézine (2016)
Cameroon Lake Barombi 39 Lake core Pollen Maley and Brenac (1998), Lebamba et al.
(2012)
Cameroon Lake Ossa 40 Lake core Diatoms Nguetsop et al. (2004)
Gabon Lake Nguène 41 Lake core Pollen Ngomanda et al. (2007)
Gabon Lake Kamalete 42 Lake core Pollen Ngomanda et al. (2005, 2007)
Rep. Congo Mopo Bai 43 Swamp core Dust Brncic et al. (2009)
Rep. Congo Goualougo 44 Lake core Pollen Brncic et al. (2007)
Zambia Mulele 45 Peat core Pollen Burrough and Willis (2015)
Botswana Drotsky's Cave 46 Cave stalagmite Grey level in stalagmite Railsback et al. (1999), Nash et al. (2006)
Namibia Dante Cave 47 Cave stalagmite δ18O, δ13C Sletten et al. (2013)
Namibia Etosha Pan 48 Lake shore sediments Shoreline age-dating Brook et al. (2007)
Namibia Klein Spitzkoppe 49 Hyrax middens δ15N in hyrax middens Chase et al. (2009)
South Africa GeoB 8331 50 Marine core Pollen, elemental geochemistry Zhao et al. (2016), Hahn et al. (2016)
South Africa GeoB 8323 51 Marine core Elemental geochemistry, grain size Hahn et al. (2016), Granger et al. (2017)
South Africa Lake Verlorenvlei 52 Lake core Diatoms Stager et al. (2012a)
South Africa Lake Princessvlei 53 Lake core Diatoms Kirsten and Meadows (2016)
South Africa Katbakkies Pass 54 Hyrax middens δ13C & δ15N in hyrax middens Chase et al. (2015)
South Africa Seweweekspoort 55 Hyrax middens δ13C & δ15N in hyrax middens Chase et al. (2013)
South Africa GeoB18308 56 Marine core Elemental & organic geochemistry,
ostracods, foraminifera
Hahn et al. (2017)
South Africa Lake Groenvlei 57 Lake core Geochemistry, mineralogy, isotopic &
granulometric analyses
Wündsch et al. (2016)
South Africa Wonderwerk Cave 58 Cave stalagmite δ13C, δ18O, grey colour & luminescence in
stalagmite
Brook et al. (2015)
South Africa Blydefontein basin 59 Lake and ﬂuvial sediments,
hyrax middens
Pollen Scott et al. (2005)
Lesotho Mafadi Wetland 60 Wetland core Sedimentary petrography, pollen, diatoms Fitchett et al. (2017)
South Africa Mahwaqa Mountain 61 Wetland core Pollen Neumann et al. (2014)
South Africa Braamhoek Wetland 62 Wetland core Pollen, δ13C, δ15N Norström et al. (2014, 2009)
(continued on next page)
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3.3.2. Quantitative
In order to robustly document, visualise and analyse MCA hydro-
climatic variability, all relevant climate curve data was collected in
digital form for ﬂexible plotting and curve correlation. The tabulated
data was retrieved (a) from palaeoclimate online data repositories
(mainly Pangaea, NOAA's National Climatic Data Center NCDC and
data supplements of papers), (b) from authors by email request and (c)
by digitizing and vectorising using WebPlotDigitizer (https://
automeris.io/WebPlotDigitizer/). Data sources for each site are listed
in Tables S1–S4.
All curve data have been loaded into Lloyd's Register's software IC™
which serves as a common database and correlation tool in the MCA
mapping project. IC™ was originally developed for geological well
correlations in the areas of water, minerals and petroleum exploration.
The software reliably handles large amounts of fully customizable curve
data types related to georeferenced wells. By way of technology transfer
we are introducing well correlation software to the ﬁeld of the climate
sciences which allows fast and ﬂexible comparison of climate curves.
Another advantage is the advanced visualisation and shading of peak
and trough curve anomalies, a functionality which lacks in most stan-
dard spreadsheet software packages. See Lüning et al. (2017) for details
on the workﬂow.
3.4. Challenges
Like any other regional palaeoclimatic synthesis, the current Africa
hydroclimatic MCA mapping eﬀort is subjected to a number of chal-
lenges. Palaeoclimatology is not an exact mathematical science,
nevertheless provides crucial data for the palaeoclimatological context
and model calibration. A probabilistic approach is needed whereby the
most likely scenario is selected from the set of available proxies. Issues
identiﬁed the current synthesis include (1) low resolution palaeocli-
mate data, (2) limited age control, (3) validity of palaeoclimate inter-
pretation, (4) conﬂicting information from multiple proxies, (5) sea-
sonal vs. annual signiﬁcance. See Lüning et al. (2017) for a more
detailed discussion.
4. MCA hydroclimate study sites in Africa
A total of 99 study sites have been identiﬁed in Africa that inform
about MCA hydroclimate. The greatest density of sites is found in
Morocco, Tunisia, Egypt, western Sahel, southern Africa and East Africa
(Fig. 1, Table 1). Detailed site descriptions and hydroclimate correla-
tion panels can be found in the Supporting Information to this paper
(texts and Tables S1–S4, Figs. S1–S16). Two correlation panels with 12
characteristic sites from the study area are illustrated in Figs. 2 and 3 to
facilitate the discussion.
Table 1 (continued)
Country Locality No. Archive Proxies Studies
South Africa Lake Sibaya 63 Lake core Diatoms, pollen Stager et al. (2013), Neumann et al. (2008)
South Africa Mfabeni peatland 64 Peatland core δ13C, δ15N Baker et al. (2014)
South Africa Lake Eteza 65 Lake core Pollen Neumann et al. (2010)
South Africa Versailles 66 Wetland core Pollen Breman et al. (2012)
South Africa Graskop 67 Wetland core Pollen Breman et al. (2012)
South Africa Cold Air Cave 68 Cave stalagmite Grey scale of stalagmite Stager et al. (2013)
Botswana Kubu “Island” 69 Trees Baobab tree age dating Riedel et al. (2012)
South Africa Mapungubwe National Park 70 Trees δ13C Woodborne et al. (2016), Huﬀman and
Woodborne (2016), Huﬀman (1996)
South Africa Pafuri 71 Trees δ13C Woodborne et al. (2015)
Mozambique Lake Nhaucati 72 Lake core Diatoms Ekblom and Stabell (2008)
Madagascar Anjohibe Cave 73 Cave stalagmite δ18O, δ13C Burns et al. (2016), Voarintsoa et al. (2017),
Scroxton et al. (2017)
Madagascar Lake Mitsinjo 74 Lake core Pollen Matsumoto and Burney (1994)
Mauritius Tatos Wetland 75 Wetlands core Pollen, diatoms, δ18O, δ13C, sediment
petrography
de Boer et al. (2014)
Malawi Lake Malawi 76 Lake core Diatoms Johnson et al. (2004)
Tanzania Lake Masoko 77 Lake core Diatoms, pollen, charcoal Barker et al. (2000), Vincens et al. (2003),
Thevenon et al. (2003)
Tanzania Lake Tanganyika (LT-97-
56V)
78 Lake core Ostracods Alin and Cohen (2003)
Tanzania Lake Tanganyika (LT03-05) 79 Lake core Diatoms Stager et al. (2009)
Burundi Rusaka Swamp 80 Swamp core Pollen Izumi and Lézine (2016)
Uganda Lake Edward 81 Lake core δ18O, δ13C, Mg Russell and Johnson (2005, 2007)
Uganda Lake Nyamogusingiri 82 Lake core Diatoms Mills et al. (2014)
Uganda Lake Kyasanduka 83 Lake core Diatoms Mills et al. (2014)
Uganda Lake Kitagata 84 Lake core Magnetic susceptibility, mineralogy, TOC Russell et al. (2007)
Uganda Lake Kasenda 85 Lake core δ18O, δ13C, diatoms Ryves et al. (2011), Ssemmanda et al. (2005)
Uganda Pilkington Bay, Lake Victoria 86 Lake core Diatoms Stager et al. (2005, 2003)
Tanzania Lake Duluti 87 Lake core Pollen, diatoms Öberg et al. (2013)
Tanzania Kilimanjaro 88 Ice core δ18O in ice core Thompson et al. (2002)
Tanzania Lake Challa 89 Lake core BIT Index Buckles et al. (2016)
Tanzania Kwasebuge peat bog 90 Peat core Pollen Finch et al. (2016)
Kenya Lake Bogoria 91 Lake core δ18O, δ13C, salt mineralogy De Cort et al. (2013)
Kenya Lake Naivasha 92 Lake core Pollen, diatoms, petrography Lamb et al. (2003), Verschuren et al. (2000),
Verschuren (2001)
Kenya Small Hall Tarn Lake, Mt.
Kenya
93 Lake core δ18O of diatoms Barker et al. (2001)
Kenya Sacred Lake 94 Lake core δ18O, δ13C, δD Konecky et al. (2014)
Ethiopia Chew Bahir basin 95 Lake core K as dust proxy Foerster et al. (2015)
Ethiopia Lake Hayk 96 Lake core δ18O, δ13C, pollen, diatoms Lamb et al. (2007), Ghinassi et al. (2012)
Yemen P178–15 97 Marine core δD Tierney et al. (2015)
Sudan MC93, Red Sea 98 Marine core Planktic foraminifera Edelman-Furstenberg et al. (2009)
Ethiopia Highlands of Tigray 99 Lake core 14C dating of organic-rich layers Dramis et al. (2003)
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Fig. 2. Hydroclimate development of northern and West Africa during the past 1500 years based on palaeoclimate proxies of selected sites. Grotte de Piste, Morocco (Wassenburg et al.,
2013); Medjerda Floodplain, Tunisia (Zielhofer et al., 2008); piston core MD04-2726, Egypt (Revel et al., 2015); oﬀshore core GeoB 9505, Senegal (Nizou et al., 2010); Lake Yoa, Chad
(Lézine et al., 2011); Lake Bosumtwi, Ghana (Shanahan et al., 2009). Site names highlighted in red in text boxes of location map in Fig. 1. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 3. Hydroclimate development of West, East and southern Africa during the past 1500 years based on palaeoclimate proxies of selected sites. Lake Kamalete, Gabon (Ngomanda et al.,
2007); Kilimanjaro NIF2 ice core, Tanzania (Thompson et al., 2002); Lake Challa, Tanzania (Buckles et al., 2016), Kwasebuge Bog, Tanzania (Finch et al., 2016); Lake Nhaucati,
Mozambique (Ekblom and Stabell, 2008); GeoB 8323, South Africa (Hahn et al., 2016). Site names highlighted in red in text boxes of location map in Fig. 1. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
S. Lüning et al. Palaeogeography, Palaeoclimatology, Palaeoecology 495 (2018) 309–322
314
5. Discussion
The African MCA hydroclimate patterns extracted from the case
studies have been mapped out on a continental scale (Fig. 4). Whilst in
some areas rainfall increased during the MCA, a reduction in pre-
cipitation occurred in others. Possible climatic drivers are discussed,
also taking into account hydroclimatic relationships observed from
modern times.
5.1. North Africa
The MCA in North Africa was generally characterized by a drying
trend that is well documented in Morocco and Egypt (Figs. 2, 4, S1, S5).
An exception is Tunisia where MCA hydroclimate appears to have been
more humid (Fig. 2, S4). The wet corridor extended northeastward into
Sicily. The southwestern termination of the MCA wet zone is unclear
due to lack of studies from Algeria. Very similar hydroclimatic trends
have been observed in North Africa over the past 100 years, with
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increased precipitation in Tunisia and reduced amounts of rain in the
rest of North Africa during the cold season (Hoerling et al., 2012).
Drier conditions in NW Africa and southern Iberia are typically as-
sociated with a positive phase of the North Atlantic Oscillation (NAO)
that comes with a strong high pressure system oﬀ NW Africa (Lamb and
Peppler, 1987). This relationship holds also true for the MCA which was
dominated by NAO+ conditions as documented by palaeoclimatic re-
constructions (Fig. 5). The NAO turned positive around 1000 CE (or
even earlier) and generally stayed in the NAO+ state until about
1430 CE (Baker et al., 2015; Olsen et al., 2012; Trouet et al., 2009;
Wassenburg et al., 2013). During NAO+ phases, Central Europe and
Scandinavia typically experience a more humid climate, something
which again was conﬁrmed to be the case during the MCA (Trouet
et al., 2009). The NAO has been mostly in its positive phase during the
20th and early 21st centuries, except for two decades of the 1950s and
60s. This may explain the similarity of hydroclimate patterns of the
MCA and the last 100 years.
Also the Arctic Oscillation (AO) may play a role here. A positive AO
is typically associated with dry conditions in Morocco and the
Mediterranean (Givati and Rosenfeld, 2013). According to a re-
construction by Darby et al. (2012), the AO appears to have been
moderately elevated 950–1200 CE (Fig. 5), which matches well with
the documented reduction in MCA rainfall in Morocco and Egypt
(Fig. 4).
5.2. Sahel zone
Hydroclimate during the MCA became more humid in the western
and central Sahel, whereas more arid conditions existed in the eastern
Sahel (Figs. 2, 4, S2, S3). The border between the two zones appears to
have been in the middle of the continent in western Chad, east of Lake
Chad. Whilst the earliest part of the MCA in the western Sahel was still
rather dry or transitional, generally wetter conditions occurred after
1050 CE and lasted for the majority of the MCA (Fig. S2). The humid
phase ended sometime between 1300 CE and 1400 CE.
Due to the lack of data from Algeria, it is unclear if the western
Sahel MCA wet belt was linked to the humid zone in Tunisia (Fig. 4).
The two areas might have been connected by diagonal elongated cloud
bands, so called tropical plumes, which occasionally couple the sub-
tropical and tropical areas as a result of upper-level disturbances
(Fröhlich and Knippertz, 2008; Maley, 2010; Maley and Vernet, 2015;
Skinner and Poulsen, 2016). Modern satellite data have documented
the southwestward intrusion of upper-level troughs from the central
Mediterranean through the Algerian Sahara into the western Sahel zone
(Fröhlich et al., 2013; Knippertz and Fink, 2008, 2009; Knippertz and
Martin, 2005). Tropical plumes and troughs may therefore have fed the
increase in MCA humidity in the western Sahel, sourcing moisture from
both the Mediterranean and tropical Atlantic. Increased precipitation
might have also occurred over the Saharan part of the trough in Algeria,
but it cannot be excluded that clouds simply bypassed this zone without
raining out (pers. comm. Peter Knippertz, June 2017).
The increase in MCA western Sahel precipitation may also be re-
lated to the generally positive phase of the Atlantic Multidecadal
Oscillation (AMO) at this time (Kuhnert and Mulitza, 2011; Mann et al.,
2009) (Fig. 5) which typically increases moisture ﬂux into the western
Sahel from Atlantic sources in the south and west (Delworth et al.,
2007; Martin and Thorncroft, 2014; Zhang and Delworth, 2006). Ac-
cording to Ting et al. (2011) the predominant precipitation pattern
associated with the positive phase of the AMO is a northward shifted
Atlantic ITCZ, resulting in increased rainfall from the western Sahel
across the tropical North Atlantic to Central America.
5.3. West and Central Africa
West and Central Africa south of the Sahel zones appears to have
been drier during the MCA (Figs. 2–4). The palaeohydroclimate map is
mostly based on a cluster of studies in Cameroon, Gabon and Congo-
Brazzaville (Figs. S6, S7). Unfortunately, there are hardly any data from
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the coastal countries north of the Gulf of Guinea. The only exception is
Lake Bosumtwi in Ghana (Site 37) which provides rare and valuable
insight into MCA hydroclimate in this region (Figs. 2, S6). Data from the
large area of Congo-Kinshasa and Angola are absent.
Monsoonal rainfall in West and Central Africa is controlled by
seasonal shifts of the Intertropical Convergence Zone (ITCZ), jet
streams, sea surface temperatures in the Gulf of Guinea, and the great
seasonal temperature and humidity diﬀerences between the Sahara and
the equatorial Atlantic Ocean. The rain-bearing summer winds load
moisture over the Atlantic which is then carried landward where it is
released as rain.
The MCA pattern with humidiﬁcation in the western Sahel and
drying in the Gulf of Guinea coastal belt represents one of four major
modes of rainfall variability over West Africa, termed the “West Africa
rainfall dipole” which has its node at roughly 10°N (Losada et al., 2012;
Maley, 2010; Maley and Vernet, 2015; Nicholson, 2013) (Fig. 4). Other
possible dipole modes comprise an inverted trend (Sahel dry/Guinea
wet), both zones wet and both zones dry. The Sahel wet/Guinea dry
mode observed during the MCA is typically associated with a northward
displacement of the African Easterly Jet (Nicholson, 2013). The pattern
is also known from most recent times. Dong and Sutton (2015) mapped
changes in precipitation in West Africa comparing the periods
1964–1993 and 1996–2011 and documented a typical Sahel wet/
Guinea dry dipole. Odoulami and Akinsanola (2017) documented a
similar dipole pattern for the trends 1998–2013.
5.4. Eastern Africa
The vast majority of Eastern Africa during the MCA was dominated
by dry conditions (Figs. 3, 4, S12–S16). The dry MCA zone appears to be
connected to similar drying trends in West and Northeast Africa. Sev-
eral study sites at the southern end of Eastern Africa have a transitional
character with increased signs of humidity during the MCA. Lake Challa
on the lower east slope of Mount Kilimanjaro in the border area of
Tanzania and Kenya (Site 89) is characterized by a wet phase that
commences at 700 CE and reaches well into the MCA until 1150 CE
when climate turned arid (Fig. 3). About 110 km to the south in the
Kwasebuge peat bog (site 90) the wet phase appears even more pro-
nounced during the MCA (Fig. 3). The MCA trend in northern Mada-
gascar is already fully humid (Fig. S11).
The MCA hydroclimatic border between drier Eastern Africa and
more humid southern Africa is interpreted to run southwestward, based
on a MCA transition character in Lake Malawi (site 76) in case the BSi
represents a hydroclimate proxy here (Fig. S12). Another hydroclimatic
border point is interpreted for the wetland site of Mulele in SW Zambia
(Fig. S8). Here, the generally dry MCA is immediately preceded by an
intense wet spike that partly reached into the early MCA and may in-
dicate proximity to the wet MCA region. More data are clearly needed
to reliably map out in detail the wet/dry MCA distribution in this
transition zone.
On a larger-scale perspective, the southern African wet MCA zone
may be connected to the southernmost tip and east coast of India where
precipitation increased during the MCA as well (e.g. Chauhan et al.,
2010; Sandeep et al., 2015; Zorzi et al., 2015). The western part of
India, however, was characterized by a drier MCA (e.g. Prasad et al.,
2014; Shankar et al., 2006; Thamban et al., 2007), possibly linked
across the Indian Ocean to the corresponding dry zone in Eastern
Africa.
Rainfall in Eastern Africa occurs in two wet seasons - in March to
May and in October to December. Notably, the dry MCA area of Eastern
Africa has also become drier in modern times over the past 70 years
(Hua et al., 2016; Ongoma and Chen, 2017). Hydroclimate in Eastern
Africa is inﬂuenced by the Indian Ocean Dipole (IOD), an oscillation of
sea-surface temperatures in this ocean. The negative phase of the IOD
typically leads to drought conditions in a coastal belt that stretches
from Eastern Africa to the southern Arabian Peninsula until western
India. During the positive IOD phase, hydroclimate in this zone changes
to more humid conditions with heavy rains (Saji et al., 1999). It could
be speculated that reduced rainfall in Eastern Africa during the MCA
might have been related to an extended period of a predominantly
negative IOD, i.e. a respective long term shift in the Indian Ocean SST
gradient. Unfortunately, IOD reconstructions reaching back one mil-
lennium or more do not yet exist (pers. comm. Nerilie Abram, June
2017). A hydroclimatological synthesis for Eastern Africa by Tierney
et al. (2013) for the past 700 years provides evidence for systematic
long-term changes and Indian Ocean involvement. Regional dry/wet
patterns reversed from the MCA to the Little Ice Age indicating a cli-
matic switch in the Indian Ocean.
5.5. Southern Africa
Southern Africa became wetter during the MCA, except for the
Winter Rainfall Zone (WRZ) in western South Africa (Figs. 3, 4,
S8–S11). Summer rain sourced from the Easterlies appears to have in-
tensiﬁed, whereas the winter rain that originates in the Atlantic to the
west was reduced (Hahn et al., 2016; Hahn et al., 2017). Precipitation
in the Summer Rainfall Zone (SRZ) increased because the South Indian
Ocean Anticyclone (SIA) strengthened and shifted (together with the
ITCZ) to a more southerly position, which intensiﬁed the rain-bearing
tropical Easterlies. On the Atlantic side, the South Atlantic anticyclone
(SAA) strengthened and shifted to a more southerly position as well
which pushed the rain-bearing Westerlies so far south and away from
land that they no longer intercepted the continent (Cohen and Tyson,
1995; Hahn et al., 2016; Hahn et al., 2017; Stager et al., 2012a;
Woodborne et al., 2016; Woodborne et al., 2015; Zhao et al., 2016).
Opposite hydroclimatic trends for the WRZ and SRZ have been ob-
served during most of the Holocene (Zhao et al., 2016).
The interpreted border between a wet MCA to the south (Namibia)
and dry MCA to the north (Angola) is marked by the Congo Air
Boundary (CAB). Towards eastern Africa, the border assumes a north-
east trend (Fig. 4) which in part corresponds to the course of the CAB.
The CAB has already previously been identiﬁed by Tierney et al. (2011)
as a fundamental controlling mechanism for hydroclimate in the
African tropics, separating moisture transport from the Indian Ocean
and Atlantic Ocean.
The anti-phase hydroclimatic relationship between the southern
African SRZ and Eastern Africa is a well-established pattern on inter-
annual to millennial time scales (Ekblom and Stabell, 2008; Norström
et al., 2014; Zhang et al., 2015). This rainfall dipole is tentatively
coupled with the Indian Ocean Dipole (IOD) and El Niño-Southern
Oscillation (ENSO). During a “wet in the south and dry in the north”
dipole, such as during the MCA, there are warm sea surface tempera-
tures (SSTs) over the central Indian Ocean and cold SSTs over the
western Indian Ocean (Zhang et al., 2015).
5.6. African MCA hydroclimate trends
Our study has successfully conﬁrmed the majority of hydroclimatic
MCA trends described by Nash et al. (2016), i.e. increased rainfall in the
western Sahel, Namibia and the majority of South Africa, with drier-
than-usual conditions in the area immediately south of the Sahel,
Eastern Africa and the Winter Rainfall Zone of South Africa. Based on
our palaeoclimate mapping, the observation of transitional hydrocli-
matic signatures at certain sites and integration of modern climate
boundary elements, we attempt to delineate borders for the diﬀerent
hydroclimatic MCA trend sectors (Fig. 4). Ongoing and future studies
by the palaeoclimate community are needed to verify and modify this
provisional ﬁrst MCA hydroclimate map of Africa.
In deviation to Nash et al. (2016) we interpret that the eastern Sahel
was drier than usual during the MCA (Fig. 4). We are adding North
Africa to the picture and interpret a dry trend for this region, too. The
only exception appears to be Tunisia/Sicily where rainfall has increased
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during the MCA. The wet eastern Maghreb may or may not be con-
nected across the Sahara to the humidiﬁcation observed in the western
Sahel (Fig. 4). Finally, we are seeing evidence for an MCA wet trend
along the East African coast that reaches from South Africa as far north
as Kenya. New data from Madagascar and transitional hydroclimate
signatures in Tanzania support this interpretation (Figs. 3, S11, S14).
New studies in coastal Mozambique, Tanzania and Kenya are necessary
to follow up on this concept.
A recent synthesis of Northern Hemisphere hydroclimate variability
during the past 1200 years by Ljungqvist et al. (2016) is based on 196
published study locations and also includes 8 proxy records from Africa
north of the equator. These are Grotte de Piste (Site 2), Lake Nguène
(Site 41), Lake Kamalété (Site 42), Lake Bosumtwi (Site 37), Lake Ed-
ward (Site 81), Lake Naivasha & Crescent Island Crater (Site 92), Lake
Chala (Site 89). The authors document characteristic patterns of alter-
nating moisture regimes across the Northern Hemisphere which show a
high degree of continuity until today. Owing to the low number of sites
from Africa, their hydroclimate interpretations naturally remain
somewhat patchy for this region. However, the West African MCA
drying trend along the Gulf of Guinea coast is readily identiﬁed by
Ljungqvist et al. (2016) in their anomaly maps of the years 1000s to
1200s AD. In contrast, the wet MCA anomaly proposed by Ljungqvist
et al. (2016) for Morocco - based on the single site of Grotte de Piste - is
more ambiguous, as it diﬀers from our ﬁndings. Notably, all chosen
African sites for the Northern Hemisphere study are located in areas
characterized by MCA dry anomalies. The wet trends of Tunisia and the
western Sahel are not represented in the analysis. Ljungqvist et al.
(2016) highlight important discrepancies between climate reconstruc-
tions and simulations and suggest that much work remains before we
can model hydroclimate variability accurately. Furthermore, the au-
thors stress the importance of using palaeoclimate data to place recent
and predicted hydroclimate changes in a millennium-long context, a
conclusion that we fully endorse based on the ﬁndings of our African
MCA hydroclimate study.
5.7. Solar forcing?
The MCA forms part of millennial-scale cyclicity that has been
documented in a large number of studies in Africa and worldwide
(Lüning and Vahrenholt, 2016) which however is still insuﬃciently
understood. Various authors have proposed solar activity changes an
important driver for millennial-scale climate variability in Africa (e.g.
Chase et al., 2009; Heine and Völkel, 2011; Hennekam et al., 2014;
Maley and Vernet, 2015; Stager et al., 2003). The subject requires ad-
ditional integration work to better understand temporal and spatial
relationships in more detail. The MCA lies in the second half of a high
solar-activity phase that spans 700–1250 CE that is only brieﬂy inter-
rupted by the solar quiet phase of the Oort Minimum (1010–1050 CE)
(Fig. 5). Evidence exists that many of the oceanic cycles are inﬂuenced
by solar forcing, although in a complex way (e.g. Andrews et al., 2015;
Georgieva et al., 2012; Heine and Völkel, 2011; Sfîcă et al., 2015; Zhou
et al., 2014).
6. Regional data gaps and locations for future research
6.1. Data gaps
Despite a great number of studies in the past 15 years and signiﬁcant
progress, there are still major regional data gaps in our understanding
of African MCA hydroclimate. The current lack of suitable reconstruc-
tions in those poorly documented areas appears to be mostly due to
logistical and security challenges. A key region that requires intensiﬁed
research is the Sahara where a large area of 5000× 2000 km is re-
presented by only a handful of reconstructions (Fig. 4). Focused addi-
tional studies are also needed for West Africa, in particular the zone
along the Atlantic coast and its hinterland from southern Senegal to
Nigeria. Likewise the central part of Africa requires special attention
where only few data points are available in an area comprising of the
Central African Republic, the Congos, Angola, Zambia, southern Chad
and South Sudan. Finally, central and southern Madagascar also need
further study.
6.2. Locations and proxies for future research
New high resolution palaeoclimate studies are needed in order to
inﬁll the identiﬁed data gaps. Additional oﬀshore sediment cores are
required along the Atlantic coast from The Gambia to Angola, along the
coast of the Indian Ocean from northern Mozambique to Somalia and
along the North African Mediterranean coast from the Nile Delta to
Morocco. Sebkhas and lagoons oﬀer study opportunities in the coastal
transition zones in the Mediterranean and Red Sea areas. Lakes, swamps
and peatlands are established onshore palaeoclimate archives and
provide a large number of potential project sites in West Africa, central
Africa and Madagascar. A useful directory of African Wetlands for or-
ientation was published by Hughes and Hughes (1992). Saharan lakes
oﬀer promising potential, as evidenced by the successful climate re-
constructions in Lake Yoa in Chad by Lézine et al. (2011). Age-dating of
ﬂuvial deposits is to be considered in West and Central Africa in order
to reconstruct ﬂuctuations in river discharge over the past millennia.
Caves with unstudied speleothems are located in northern Algeria,
Tunisia, Somalia, Reunion, Zambia, northern Zimbabwe, and southern
Madagascar. Dendrochronology is another currently underrepresented
ﬁeld that may provide important additional insight into African pa-
laeoclimate of the past millennium (Gebrekirstos et al., 2014). Rock
hyrax middens have proved to be useful hydroclimate archives in
southern Africa (e.g. Chase et al., 2013; Chase et al., 2009). Chances for
preservation of the middens are best in arid regions with annual rainfall
of less than 400mm/year (Chase et al., 2012). Taking the known re-
gional distribution of rock hyrax into account, suitable study areas in
northern Africa may be located in the Sahel zone, the Algerian Ahaggar
Mountains and at the Red Sea coast. Only little additional palaeocli-
mate information for Africa is expected to come from mountain ice caps
and historical river gauge records because the only available research
objects in Eastern Africa (Kilimanjaro) and Egypt (Nilometer) have al-
ready been studied.
7. Conclusions
In this study we have compiled a hydroclimatic trend map for the
MCA in Africa based on 99 published study locations which are de-
scribed in detail in the data supplement of this paper. Key hydroclimatic
proxy curves have been visualized and compared in a series of 16
correlation panels. Three areas have been identiﬁed in Africa in which
rainfall seems to have increased during the MCA, namely Tunisia,
western Sahel and the majority of southern Africa. At the same time, a
reduction in precipitation occurred in the rest of Africa, comprising of
NW & NE Africa, West Africa, Eastern Africa and the Winter Rainfall
Zone of South Africa. MCA hydroclimate change in Africa appears to
have been associated with characteristic phases of ocean cycles, in a
similar way as observed in modern climate. Aridity in Morocco typi-
cally coincides with the positive phase of the North Atlantic Oscillation
(NAO), whilst increased rainfall in the western Sahel is often coupled to
the positive phase of the Atlantic Multidecadal Oscillation (AMO).
Reduction in rainfall in the region Gulf of Aden/southern Red Sea to
Eastern Africa could be linked to a negative Indian Ocean Dipole (IOD)
or a derived long-term equivalent Indian Ocean cycle parameter. The
Intertropical Convergence Zone (ITCZ) appears to have been shifted
pole-wards during the MCA, for both the January and July positions.
The identiﬁed temporal and spatial variability in African precipitation
forms an important calibration data set for model hindcast tests. A ro-
bust understanding of pre-industrial hydroclimate change and possible
forcings is needed to be able to distinguish between natural and
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anthropogenic contributions in modern African rainfall. MCA hydro-
climate mapping revealed major data gaps in the Sahara, South Sudan,
Somalia, Central African Republic, Democratic Republic of Congo,
Angola, northern Mozambique, Zambia and Zimbabwe. Special eﬀorts
are needed to ﬁll these gaps, e.g. through a dedicated structured re-
search program in which new multiproxy datasets are created, based on
the learnings from previous African MCA studies.
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